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Summary

Physical mapping of the human genome has until now
been envisioned through single chromosome strate-
gies. We demonstrate that by using large insert yeast
artificial chromosomes (YACs) a whole genome ap-
proach becomes feasible. YACs (22,000) of 810 kb
mean size (5 genome equivalents) have been finger-
printed to obtain individual patterns of restriction frag-
ments detected by a LINE-1 (L.1) probe. More than 1000
contigs were assembied. Ten randomly chosen con-
tigs were validated by metaphase chromosome fluo-
rescence in situ hybridization, as well as by analyzing
the inter-Alu PCR patterns of their constituent YACs.
We estimate that 15% to 20% of the human genome,
mainiy the L1-rich regions, is already covered with
contigs larger than 3 Mb.

Introduction

Mapping the whole human genome has become one of the
major challenges of medern genetics. Mapping consists
generally of the classification of genomic DNA fragments
according to their order along the chromosomes. This or-
der can be genetically determined when the fragments
correspond to polymorphic sites between which meiotic
recombination frequencies can be estimated. This is link-
age mapping, indispensable to localizing any polymorphic
or pathological trait gene or factor (Botstein et al., 1980).
Genomic fragments can also be physically ordered using
several methods, e.g., fluorescence in situ hybridization

(FISH) (Montanaro et al., 1991; Korenberg et al., 1992),
somatic cell hybrids {Cox et al., 1990), or fingerprinting
{Coulson et al., 1986; Olson et al., 1986; Kohara et al.,
1987; Evans and Lewis, 1989; Craig et al., 1990; Stallings
et al., 1990). The latter approach has been used to estab-
lish collections of overlapping genomic fragments called
“contigs” covering all or part of the genomes of Caenorhab-
ditis elegans, yeast, Escherichia coli, herpes simplex vi-
rus, and humans. A contig map covering the human ge-
nome will be of the utmost importance to accelerate the
identification of hereditary disease genes. indeed this map
will provide immediate access to the genomic portion in-
cluding any disease gene as soon as its locus is flanked
with polymorphic markers by genetic linkage analysis.
Only a few percent of the human genome has been cov-
ered by contigs, ranging from 200 to 2000 kb.

Until now, attempts of physical mapping have only been
envisioned on single chromosomes. This was understand-
able given the tools available until the recent past. New
technological improvements allow at present to forecast a
significant acceleration of the process. This impulsion can
mainly be attributed to two changes of scale: first, in the
size of the cloned fragments and, second, in the fingerprint
production throughout. Yeast artificial chromesome (YAC)
technology permitted an increase in genomic cloning size
by 8- to 10-fold over cosmids (Burke et al., 1987; Anand
et al., 1989; Albertsen et al., 1990; Larin et al., 1991). We
have recently been able to increase this further to a factor
of 20 to 25 (P. Qugen, personal communication). From
this improvement, it follows that the same effort would be
required to cover the whole human genome with YACs or
a single human chromasome with cosmids.

Such a whole genome mapping approach would require
a priori fingerprinting of 30 to 50,000 YACs of 1000 kb
mean size. This could not be achieved without a robust
fingerprinting methodology that is based here on the ability
to obtain the patterns of restriction fragments carrying re-
peated sequences (Cangianc et al., 1990; Stallings et al.,
1990; Bellanné-Chantelot et ai., 1991); for this purpose,
the process has been largely automated.

We report contigs assembled from 22,000 random YACs
fingerprinted using a LINE-1 (L.1) probe (Shafit-Zagardo et
al., 1982). Moreover, we present data showing that this
approach will quickly permit covering more than 90% of
the whole human genome.

Results and Discussion

YAC Fingerprinting and Contig

Assembly Procedures

Yeast colonies were grown in 96-well plates and subjected
to DNA extraction by a simple lysis~dialysis procedure.
DNA samples were then digested with EcoRl, Pstl, and
Pvull, chosen for their reliability. Blotting is automatically
performed by a device that handles loading, migration,
and transfer. Membranes are then hybridized with a che-
miluminescent L1 probe. Autoradicgrams are digitized
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and interpreted by automaticimage analysis software (Fig-
ure 1). At this stage the fingerprint consists of three series
of interpolated fragment sizes, one for each enzyme.

The contig assembly is achieved in two steps. The first
performs pairwise comparisons of all the fingerprinted
YACs. Each pair is assigned an overlap likelinood value
using Bayesian statistics according to a model previously
described (Balding and Torney, 1891, Lacroix and Codani,
1992). For each pair of YACs, the most prabable length of
physical overlap is astimated from the fingerprints (see
Experimental Procedures). The second step consists of
forming contigs by selecting all the pairs determined above
a given likelihood threshold value. The contigs expand
when assembling those pairs sharing 1 YAC. Once alarge
contig is formed, ordering the YACs within it remains deli-
cate and algorithms are being developed to determine
internal order. Finally, any contig can be positioned on
metaphase chromosomes using FISH with a probe cb-
tained by pooling the inter-Alu polymerase chain reaction
{PCR) products of its YACs.

Evaluation of Experimental and Biological
parameters That Can Affect the Contig Assembly
Process and internal Ordering

The fingerprinting process was tested for partial diges-
tions, error frequencies in band detection (faise positives
and false negatives), and standard deviation of fragment
size measurement.

Completion of digestion was assessed by hybridization
with two yeast singie-copy probes, pAFO01 and pAF020,
for each of the three enzymes. A tota of 402 independent
DNA preparations were tested and gave 1, 2, and 0 partial
digestions for EcoRi, Pstl, and Pvull, respectively. This
rate, systematically monitored on 1% of the sampies, is
low encugh to have little effect on contig assembly. The
other experimental parameters were estimated by analyz-
ing data from 24 independent preparations and migrations
of 4 YACs of various sizes (300, 400, 660, and 950 kb)
digested with the three enzymes. The analysis of the re-
sulting data base gave the distribution of standard devia-
tions of size measurement. This distribution was found
to be Gaussian and varies with the fragment length. The
relative standard deviation increases from 0.3% for 1 kb
fragments to 1.7% for 20 kb fragments. This function was
introduced in the algorithm, caicutating the likelihood of
overlap score values, designated LOS values. We also
used this data base to obtain information on false positive
(thatincludes partially digested fragments) and false nega-
tive band frequencies. In summary, a single enzyme fin-
gerprint out of 24 has an artifactual band (false positive).
No fingerprint has more than one artifactual band. Eighty-
three percent of the fragments are reproducibly detected,
all of which have an optical density greater than 0.2. The
reproducibility of detection drops when optical densities
fall below this value.

Genetic polymorphism can affect the pairwise compari-
son since the YAC library was constructed from a diploid
genome (Aiberisen et al., 1990). The incidence of restric-
tion fragment length polymorphism on fingerprint patterns
can be estimated, assuming that 1 base out of 300 is af-
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Figure 1. Digitized images of Autoradiograms Obtained with L1 and
GM-007 Probes

YAC clones were digested with Pvull and hybridized with chemilumi-
nescent L1 and GM-007 probes. YAC clones in(A)are L1 rich, whereas
YACs in (B) are L1 poor or L1 negative. The probe GM-007, derived
from the Alu consensus sequence, was tested on the L1-poor clones
(B}, lanes 5, 7, and 8) and on a L1-negative clone ([B], lane 6). The
size marker i a mixture of ADNA cut with Xhol, BssHll, or BstEll and
$X174 cut with Haellt, Miul, BstN1, or Nrul.

fected by a point mutation and that about 2000 variable
number tandem repeats existin the human genome. Point
mutations should then eliminate 1 restriction site in 50
and create 1 every 200 kb. The two haploid genomes will,
therefore, only differ for approximately 8% of their restric-
tion fragments (4% for fragments losing one boundary site
and 4% for fragments gaining one internal site, with the
mean L1-positive fragment size being 8 kb according 10
our data). Thus, because of restriction fragment length
polymorphisms, the fingerprints of two clones covering
the same portion of the paternal and maternal genome,
respectively, could rarely differ by more than oné frag-
ment. It ie still difficult to evaluate the effect of variable
number tandem repeats. If they contain no restriction site,
their frequency being 1 every 1600 kb, they should only
affect 0.5% of the L1-positive fragments, a negligible pro-
portion. But this rate could vary drastically according to
the regions; variable number tandem repeats are not uni-
formly distributed on the human genome, but are concen-
trated in subtelomeric regions (Jeffreys, 1987).
Approximately 40% of the YACs from this library are
chimeric, i.e., they contain inserts with more than one ge-
nomic origin (P. Ougen, personal communication). This is
either due to coligation during YAC construction or recom-
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bination events between cotransiorming DNA fragments
(Green et al., 1991). They represent an essential problem
for physical mapping. These clones are less efficiently
integrated into contigs, but can also create false contigs
by merging two subcontigs with different genome origins.
Moreover, when included in a genuine contig they compli-
cate the internal clone ordering by introducing noenmatch-
ing fragments that create ambiguities. Actually, such non-
matching fragments may also be found in YACs located
at contig extremities, or can correspond to partial digests,
to novel fragments created at the insert vector arm junc-
tions, or to polymorphic fragments.

The rate of colonies with more than 1 YAC was estimated
to be 2.3% (P. Ougen, personal communication). Most of
them contain two or more rearrangements of a single initial
YAC (Bates et al., 1992), and such rearranged forms will
have no effect on the mapping process. It must also be
pointed out that homologous regions dispersed in the ge-
neme will generate chimeric contigs.

Finally the genomic distribution of the repeated se-
quence will affect the coverage and intuitively a uniform
‘distribution would be optimal. Actually, it has been re-
ported that the L1 sequence is more frequent in genomic
regions corresponding to metaphase G bands (Korenberg
and Rykowski, 1988). Therefore, the contigs we report will
preferentially cover these regions.

Contig Assembly of 22,000 YACs of 810 kb Average
Size (5 Genome Eguivalents)
A total of 22,000 random YACs of 810 kb average §
(Figure 2) were fingerprinted using three enzymes, Ec6
Pstl, and Pvull, and an .1 probe. All pairwise comparisons
were performed, and the corresponding LOS values were
computed. For practical reasons, the LOS values are
stored as 7(logR), where R is the ratic of the probability
of observing the two patterns assuming overiap versus
nonoverlap. Overlapping pairs are more likely to yield a
large LOS, while nonoverlapping ones yield a small LOS.
The LOS is not the a posteriori probability of overlap ac-
cording to the data, which is difficult to compute for two
reasons: first, the precise size of each clone is unknown,
and, second, the equation, which takes into account the
interrelationship of the fingerprints obtained with the three
enzymes, is intractable. In practice, a synthetic LOS is
calculated, considering that the three fingerprints are inde-
pendent, by taking the mean LOS value for the three en-
zymes. Consequently, all the pairs characterized by alLOS
value above a certain threshold are selected and then
assembied info larger contigs.

The determination of the threshold value is obviously a
critical step. Some simulations indicated that a threshold
around 60 would be appropriate. To confirm this value, we
analyzed the LOS value of 18,642 nonoveriapping pairs
derived from an ongoing contig map on chromosome 21
(. Chumakov, personal communication). Such nonover-
lapping pairs were obtained by using fingerprinted YACs
mapped to different metaphase bands of chromosome 21.
This analysis suggests that a study of 22,000 random
YACs would retain only 10 false pairs when choosing a
LOS threshold of 60 (Table 1).
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Figure 2. YAC Size Distribution

This was established from 953 clone sizings for the 21,696 fingerprinted
YACs (solid line) and from 437 clone sizings for the 6621 YACs assembled
in contigs at the threshold 60 (dashed line).

Contig assembly was performed with LOS thresholds
from 58 to 64 (Table 1). The number of contigs varies
slightly between 1175 and 1241, while, as expected, the -
number of clones in contigs increaseg as the threshold
decreases. The mean number of clones per cont@vari@s .
from 4.3 to 5.7. Nearly two-thirds of the clones remain
isolated. Actually, we compared each clone io itself to
uncover those that could never exceed the threshold, i.e.,
are noninformative. The fingerprint of these clones,
roughly one-third, is in fact too sparse. This implies that
other probes are required to incorporate such clones into
contigs (see below). Size distribution of the contigs mea-
sured as the number of clones per contig is also shown.
By lowering the threshold, the predicted number of YACs
incorrectly incorporated into contigs increases as pre-
viously described from 1 to 52 (Table 1).

Checking the Validity of Contig Assembly

We selected 10 contigs with a LOS value ranging from 58
to 94 (Table 2). Their sizes varied between 4 and 21 YACs.
They were analyzed simultaneously by metaphase chro-
mosome FISH and by comparing the inter-Alu PCR pat-
terns of their respective YACs. The metaphase chromo-
some FISH was performed using pooled inter-Alu PCR
products from the constituent YACs as probes. For six
contigs of 4, 8, 10, 14, 18, and 21 YACs, respectively, a
single chomosomal location was found, thus validating
these contigs (Figure 3A). The inter-Alu PCR fragment size
patterns obtained from the corresponding YACs corrobo-
rates the validity of these contigs since in most cases every
YAC in these contigs shared at least one band with at least
one other member of the same contig. The computer-
reconstituted L1 fingerprints (1A, 1B, and 1C) and the inter-
Alu PCR patterns (1D) of one of these contigs (number 2)




Cell
1062

Table 1. Resuits of the Assembly Process

Threshold
Numbers of Clones and Contigs . 64 62 80 58
Number of clones in contigs 5,091 5,638 6,222 6,897
Number of isclated clones 16,605 16,058 15,474 14,799
Number of contigs 1,175 1,229 1,241 1,208
Mean number of clones per contig 4.3 4.6 5.0 5.7
Number of noninformative clones 7.937 7,482 7141 6,798
Predicted number of false positives 1 3 . 13 52
Number of contigs with
2 clones 530 558 523 486
3 clones 199 191 197 187
4 clones 105 17 128 118
5 clones 86 77 75 79
6 clones 64 62 64 55
7 clones 44 54 57 46
8 clones 28 31 30 38
9 clones 30 30 30 36
10 clones 19 18 26 27
11-15 clones 37 49 53 58
16-20 clones 13 14 ' ‘26 34
21-30 clones 18 22 20 19
31-50 clones ) 2 6 9 12
51-100 clones 0 0 3 10

are shown in Figure 4. For each of the four remaining
contigs, two locations were found. This could be due 1o
wrong contig assembly, to chimeric YACs, or 1o assembly
of clones from unlinked homologous regions. In three
cases (contigs number 4, number 9, and number 10), the
inter-Alu PCR pattern indicates evidence for good contig
assembly. In the last case (contig number 7), two YACs
remained unlinked to the others, but this was also ob-
served with members of some contigs assignedto asingle
location by FISH. Moreover, for contig number 7 and num-
per 10, comprising 10 and 4 YACs, respectively, YACs
were checked individually by FISH. Contig number 7 was
assigned to chromosomes 1924-25 and 10p11.2-12.
Three YACs were mapped on 1g24-25 (Figure 3B), fouron
10p11.2-12 (Figure 3C), and one on both chromosomes
(Figure 3D). At this stage, the data suggest chimerism,
but an additional chromosome assignment for two of the
contig clones indicates homology since one mapped on
1Gg24-25, Xp11.3, and 736 (Figure 3E) and the other
mapped on 10p11.2and Xp11 .3 (Figure 3F). Thisindicates

fable 2. Checking Ten contigs by FISH and Inter-Alu PCR Patterns

Number of YACs
Number Not Sharing Inter-
Contig of YACs LOS Location Alu PCR Fragments

1 4 94 4931 0
2 8 64  5gi1.1 0
3 14 62 5q13 1
4 5 78 2q35/3p26 0
5 18 59 8q11.2 1
6 21 s 8pi11.2, 8p12 2
7 10 58  1g31/10p11.2-p12 2
8 10 64 2033 1
9 11 63 8p11.2/8q11.2 0
10 4 66  8g23 (8q21) 0

that regions 10p11.2-12, 1q24-25, and Xp11.3 present
strong hemology. Contig number 10 was assigned to 8923
and 8g21. Three YACs hybridize only to 8023, and the last
one hybridizes to 8923 and 8q21, either by chimerism or
by homotogy. Finally, for contigs.nunﬁ)é? £and number 9,
we cannot yet discrimiriate between chimeric YACs and
uniinked homologous regions. it is intriguing that four con-
tigs (numbers 5, 6, 9, and 10) were mapped on chromo-
some 8 and that in two cases (numbers 9 and 10), where
two locations were found, the second was alsoon chromo-
some 8. ’

At a LOS value of 58, contig number 3 increases from
14 to 34 members. For only one of these clones (681H7),
the inter-Alu PCR pattern (2D in Figure 4) does not match,
as shown together with the L1 fingerprint (2A, 28, and 2C
in Figure 4). Figure 4 also indicates the size of the YACs
merged in this assembly process. All the YACs of the ten
contigs were sized, and the mean size of YACs in contigsis
significantly larger than the mean YAC size of the starting
fibrary shown in Figure 2 (900 kb versus 810 kb). Indeed,
larger YACs are expected to express more matching infor-
mation.

Taken together, these data suggest that most of these
contigs were properly assembled. The fact that chimerism
did not cause a major problem in contig assembly can,
probably, be attributed to the fact that at the threshold of
60, most of the pairs overlap over a large portion of their
length. Indeed, from all our data we have estimated that
at this threshold, 70% of the assembled pairs share at
least 60% of their length. This tends to prevent chimeras
from creating false contigs.

Itis possible to impose a given minimal physical overiap
to each pair selected at a given threshold. Assembling
contigs with such pairs will minimize the number of chi-
meric contigs generated by chimeric or multiple clones.
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Figure 3. FISH Mapping of YAC Contigs

Metaphase chromosome spreads showing hybridization signals (arrows) generated by bictinylated Alu PCR products ampiified from a pool of 18
YACs constituting contig 5 (JA], map position 8q11.2) andindividual YAC clones from contig 7 (B-F). (B), clone 703A11, 1g24-25; (C), clone 759C 11,
10q11.2-12; (D), clone 754010, 10p12.2-12, and 1q24-25; (E), cléne 79887, 1q24-25, Xp11.3, and 7436; (F), clone 798C7, 10p11.2, and Xp11.3.
Signals were detecied with fluorescein-labeled avidin and chfomosomes banded by DAPI staining.

This solution is being implemented at the present time.
Another way to eliminate most illegitimate junctions cre-
ated by these clones is to detect them beforghand, by
assigning each YAC to its chromosome, i.e., screening
the YAC library with probes representative of single chro-
mosomes. Such probes have been successfully gener-
ated for chromosome 21 from a human-rodent somatic
cell hybrid containing only that chromosome, by labeling
the corresponding inter-Alu PCR products (Chumakov et
al., 1992). Representative chomosome-specific subsets
have also been obtained for larger chromosomes (1. Chu-
makov, personal communication).

The Proportion of the Human Genome Covered by
This Mapping Strategy

This proportion largely depends on the genomic distribu-
tion of L1 repeats that conditions the clone information
content. in fact, we observed that the mean number of
fragments detected per YAC and per enzyme with this
probe, which is 5 for the whole library, jumps to 8 when
considering the YACs assembled into contigs. This in-
crease cannot be accounted for by the previously men-
tioned bias toward longer clones {from 810 to 900 kb) in
contigs, and implies that these contigs preferentially cover
L1-rich regions, i.e., regions that have higher information

content. An a posteriori analysis of the L1 fingerprints of
953 randomly chosen and sized clones was performed
assuming the existence of two types of regions, as sug-
gested previously (Korenberg and Rykowski, 1988): L1-
rich regions and L1-poor regions. An unexpected fraction
of negative clones suggests the presence of a third type
of region that is L1 negative. Supposing that in the two
L1-positive regions the repeated sequence was uniformly
distributed, we evaluated the repeat frequency and the
abundance of each type of region: 10% L1 negative, 27%
L1 rich (12 repeats per Mb), and 63% L1 poor (3.7 repeats
per Mb). This model probably represents a rough approxi-
mation of the real genomic distribution. Nevertheless, this
estimation was necessary to evaluate the effective cover-
age of the genome.

Equations have already been derived to predict the con-
tig sizes (in Mb) as a function of the number of clones
fingerprinted. These equations considered the clone size
and minimal detectable overlap distributions (Lander and
Waterman, 1988). New equations have been developed in
order to integrate crucial parameters, such as the ratio
of noninformative ciones at a given LOS threshold, the
chimera rate, and the hypothesized distribution of the re-
peated sequence used for fingerprinting. Parameters of
these equations have been evaluated from simulated data

Material may be protected by copyright law (Title 17, U.S. Code)




Cell

B :
- Su :
£ -

: -

:
o
& T
< ‘ - ”
2 e o P e b =
-
- s= o~ R - Loy
: o 8
e it e
: ; B Bl
gl mﬁuuhmg“”ﬂ”l‘ﬂgﬁgg —dgnz -
e v s v w*‘ﬂw = i
SE e wﬁ“*“m‘ﬂ Bt T e e &,,.m..,mm»”
bmmmmwmm o T ’E"‘ i ﬂ s e
mm,mﬁmm_,mmm_.xwm«u B wﬂﬂw"ﬁﬁm o
mﬂt g degey
-
gy : : oo T e s
30 Yo s
o o SEmatees RES SRR -
R i en A B R R RNE R Y AR RE NN g

T Y B

e b =

i o B e I ™ m""mm-. gmgmmﬁmw
B a3 xhgu“&ﬁw -

e mw—wmgmm., g s e :ﬁms&"ﬁ"’“

e
it 2
ggmwnu -
s

e . M o

g -
i P o

P
o T M e 3
o o o S T v

i s mm AN g W
b= BormBan el o e

mwwm-mmﬁ"":: g;:gg

e
e e e ot “mmmwmwmm
o e ™ o o - mwu‘ i
- - “
Rl 3 i
FOETEEN R R RO R W e DHEARFRIEREER
=

s - - o
e g A
Bt i pdosiec.feoSsiie e - o
: ey I E2 e
2B me- e -

oy gt
o B
ol i i BB O 0 i
- e T e e e
= oy
. i R e o
N s R
R i g
ARt RGEGRESEHREE N AN N ERAFRE

Figure 4. Presentation of L1 Fingerprints and
Inter-Alu PCR Patterns of Two Contigs

The computer-reconstituted L1 fingerprints of 8
YACs corresponding to contig number 2 (lanes
1-8: BOOES, 817H6, 798F6, 756E10, 763E4,
775F8, 798A7, 727F 1) and 34 YACs correspond-
ing to contig number 3 (lanes 1-34: 681H7,
748F9, 800C2, 763A4, 736B10, 770H10, 777A2,
774F9, 709G1, 669H10, 759D3, 749D1, 758E3,
815H11, 767F4, 817A10,746G1, 712E2, 765F4,
77188, 814G6, 788F6, 747D10, 80306, 744D5,
807H12, 764A4, 670G7, 73209, 672H8, 734A2,
790A3, 784E3, 764C9) digested with EcoR! (3-1A
and 3-2A), Pstl (3-1B and 3-2B), and Pvuli (3-1C
and 3-2C). The YAC sizes are indicated. The
inter-Alu PCR amplification carried out with the
A33 primer for the contigs number.2 (3-1D) and
number 3 (3-2D) are also shown.

%

Material may be protected by copyright law (Title 17, U.S. Code)

é‘.}




Construction of YAC Contigs
1065

1660

1400

Number of centigs
20
8

604

Redundancy of the library

Figure 5. Observed and Predicted Results

Predicted numbers of contigs (dashed lines) are displayed as a func-
tion of the redundancy for various threshold values indicated, using
either an L1 probe (thin dashed lines) or an L1 probe along with GM-007
(bold dashed lines). Observed results are displayed as a solid line.

on 10,000 clones covering 500 Mb, which were finger-
printed with three enzymes and probes that detect re-
peated sequences with various uniform genomic distribu-
tions. From this prediction we have plotted (Figure 5) the
expected number of contigs against the redundancy of the
library being fingerprinted. This was evaluated for LOS
threshold values of 60, 64, and 68 with the L1 probe (as-
suming the trimodal distribution aiready described). The
observed mapping progress for a threshold of 60 is super-
imposed and broadly fits expectations. We concluded that
the results obtained with simulated data at a threshold of
64 were the closest to those observed with a threshold of
60 (slightly more contigs were obtained at 60 than 64 but
with fewer YACs per contig). At the threshold of 64 the
mean expected contig length is 1.54 Mb, 53% of the ge-
nome being covered with all the contigs and 22% with
contigs larger than 3 Mb (Table 3). This is probably an

upper limit. The expected genome coverage ¢ (in Kilo-
bases) of a given contig of n YACs can be estimated when
considering 900 kb as the mean size of YACs in contigs
and a 5-fold redundancy by the equation ¢ = 900 + (n —
1) x 900/5. Contigs larger than 3 Mb will then contain
more than 13 YACs. From the observed data (Table 1),
these contigs will cover 15% of the genome at a threshold
of 60, and 22% at a threshold of 58. This number can be
affected by YAC chimerism. Therefore, we estimate that
15% 1o 20% of the genome is covered with contigs larger
than 3 Mb at a LOS threshoid of 58.

Obviously, using only the L1 probe further mapping will
progress very slowly (Figure 5), whereas employing a re-
peat probe that increases the information content of the
L1-poor ciones would be considerably more effective. A
probe derived from the Alu consensus sequence, GM-007,
was tested on 50 random YACs. This oligomer hybridizes
only to the predicted variant and precise Alu subfamilies
that constitute about 10% of the total Alu sequences
(Matera et al., 1990). Under our conditions GM-007 pro-
duces an average of 15 fragments, much less than a total
Alu consensus repeat, which is t0o frequent to be used for
YAC fingerprinting. In Figure 1 hybridization patterns are
shown on L.1-poor and L1-negative clones. GM-007 gives
an R banding pattern (G. Matera, personal communication)
when hybridized on metaphase chromosomes. It is as-
sumed that GM-007 in conjunction with the L1 probes will
produce a set of contigs covering most of the human ge-
nome. When adding a new probe, the clone informativity
increases and, therefore, the number of false positives for
the same threshold will decrease. Simulations predict the
same rate of false positives for the combination of the L1
and GM-007 probes at a threshold of 56, as for the L1
probe alone at a threshold of 64 (the Alu-like probe has
been assumed to have a uniform distribution). Then ac-
cording to the predictive model (Table 3 and Figure 5),
when using both L1 and GM-007 probes on 46,000 clones,
it is expected that 90% of the genome will be covered with
contigs larger than 5 Mb.

Such large contigs will be easily mapped to metaphase
chromosomes by FISH. It is still essential to develop an
efficient ordering algorithm to facilitate the use of the map
and to detect inconsistencies. The redundancy of finger-
prints generated with three enzymes and two probes

Table 3. Expected Genome Coverage

Probe (L.OS Threshold)

L1 (64) L1 (64) L1 + GM-007 (56) L1 + GM-007 (56)
Number of clones 21,696 46,000 21,696 46,000
Redundancy 5 12.8 5 12.8
Mean contig length (Mb) 1.54 2.98 2.25 13.3
Genome coverage with:
All contigs (%) 53 87 85 95
Contigs more than (%)
2Mb 33 74 66 94
3 Mb 22 64 52 93
5 Mb 8.8 44 30 90
10 Mb 0.6 13 5.4 78
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should provide sufficient information to derive a reliable
order. This map will constitute a backbone that will speed
up the construction of higher resolution maps.

Experimental Procedures

Preparation of Total Yeast DNA

The library used was constructed as previously described (Albertsen
et al., 1990) with a few modifications (P. O., unpublished data). To
prepare DNA, 6 microtiter plates containing 160 i of AHC medium
per well (Brownstein et al., 1989) were inoculated with a 96 needle
replicator from the glycerol microtiter plate and grown at 30°C for 3
days to yield a concentration of 3.5 x 107 cells/ml. The cells were
harvested by centrifugation, and cell pellets from the 6 microtiter plates
were pooled and resuspended in 150 ulof 1 M sorbitol, 10 mM EDTA,
0.1 M sodium citrate, 18 mM 2-mercaptoethanol, and 2 U of Zymolyase
20T (Kirin Brewery Co., Japan). The plates were incubated at 37°C for
20 min and centrifuged at 1300 rpm for 5 min. The spheroplast pellets
were resuspended in 50 pl of 256 mM Tris—-HCI, 256 mM EDTA, 0.5%
DLS, and 30 mM NaCl and incubated at 50°C with agitation for 2 hr.
The lysates were transferred into a dialysis microtiter plate and dia-
lyzed in a fioating chamber against 10 mM Tris~HCI (pH 8), 0.1 mM
EDTA (pH 8) at 55°C overnight. The resulting preparation correspond-
ing to approximately 2 pg of total yeast DNA can be stored for long
periods at ~20°C. The steps of pooling, addition, and resuspension
were performed using the Hamilton robot (Hamiiton, Switzerland).

YAC Digests and Southern Biot

YAC DNAs (approximately 300 ng) were digested with restriction endo-
nucleases EcoRl, Pstl, and Pvull (NBL) in 60 I reactions with NBL
buffer (10 x ) plus 10 pg/mi RNAase A {Boehringer Mannheimj at 37°C
for 4 hr. The restriction digests were precipitated and resuspended in
5% Ficoll and 5% bromphenol blue 20 » . Digested DNAs were loaded
on a 0.8% agarose gel (Seakem LE, FMC Corp.), runi in 0.5x TBE for
16 hr at 14°C, and transferred onto nylon membrane (Hybond N+,
Amersham) for 30 min using an automated multiblotting device (Bertin,
France). Eight gels of 15 slots (12 restriction digests and 3 size mark-
ors: a mixture of ADNA digested with restriction enzymes Xhol, BssHiI,
or BstE2 and ¢X174 digested with restriction enzymes Haelll, Miul,
BstNI, or Nrul) corresponding to one 96-well microtiter plate of DNA,
digested with one enzyme, were run per robot. Membranes were
treated with 0.4 M NaOH and neutralized in 0.5 M Tris-HCI (pH 7.5),
1.5 M NaCl.

Hybridizations

The foliowing were used as repetitive sequence probes: L1 probe, a
1.5 kb Kpn fragment from the 3’ conserved |1 repetitive sequence
(Shafit-Zagardo et al., 1982); GM-007, 5-TGGATCACGAGGTCAGGA-
GGAGATCGAGACCATCCCGGCTAAAACGGTGAA-Y, located be-
tween positions 57 and 104 of a conserved Alu consensus sequence
that detects only the predicted variant and precise Alu subfamilies
(Matera et al., 1990). Two yoast single-copy probes were used:
pAF001, a 1.5 kb EcoRI fragment from chromosome |l (Thierry et al.,
1980), and pAF020, a 1.8 kb EcoRi fragment from chromosome XI
(Colleaux et al., 1992). DNA probes were labeled with horseradish
peroxidase {(ECL. Direct system, Amersham), according to the manu-
facturer's instructions, directly or after a random elongation carried out
by nucleotide incorporation using terminal deoxynucleotidyl trans-
ferase (Boehringer Mannheim) for the oligonuclectide probe. Mem-
branes were hybridized for 16 hr at 42°C in ECL buffer supplemented
with 0.5 M NaCl, 5% casein and washed at £5°C for 10 to 20 min in
SSC at a concentration of 0.5x to 0.2x, depending on the probe.
Membranes were detected with a chemituminescent reaction carried
out with luminol (Amersham) and visualized by photographic exposure
for 30 to 60 min.

Inter-Alu PCR Fingerprint Analysis

The Alu primer used was the A33 primer 5-CACTGCACTCCAAGCC-
TGGGCGAC-3' (Chumakov et al., 1992). Inter-Alu PCR was carried
out in a total volume of 30 ul with 10 ng of YAC clone DNA, 10 ng/ul
A33 primer, 250 uM each dNTPs, 1.5 mM MgClz, 50 mM KCi, 10 mM
Tris-HCI (pH 8.3), 0.1% Triton X-100, and 4 U of Taq polymerase

(NBL). Initial denaturation was for 5 min at 96°C, followed by addition
of.Taq polymerase at 92°C and 40 cycles of denaturaticn at 94°C,
annealing at 60°C and extension at 72°C, each for 1 min, with a final
axtension at 76°C for 10 min. Inter-Alu PCR products were diluted in
80 i of 5% glycerol, 1 mM EDTA, and 0.01% xylene cyanol and run
on a 2% agarose gel (FMC Corp.) containing ethidium bromide.

FISH

Metaphase chromosomes were prepared after methotrexate synchro-
nization and bromodeoxyuridine incorporation as described previously
(Arnoid et al., 1992). Prior to in situ hybridization, slides were pre-
treated with RNAase and pepsin, followed by a postfixation step in
formaldehyde as described previously (Ried et al., 1992a).

FISH was carried out using inter-Alu PCR products of individual
VAC clones or YAC contigs. Inter-Alu PCR products were labeled with
piotin-11-dUTP by random priming (Feinberg and Vogelstein, 1983) in
a 50 ul reaction at 37°C for 1.5 hr. Excess nucleotides were removed
with a Sephadex spin column. DNA probes were then digested with
DNAase | to an average size of 150--400 bp.

For hybridization, DNA probes were precipitated and resuspended
in 10 u! of hybridization buffer (50% formamide, 2x SSC, 10% dextran
sulfate), denatured at 75°C for 5 min, and allowed to preanneal at
37°C for 30 min. Probes were applied to the chromosome preparation,
previously denatured at 80°C for 2 min in 70% formamide, 2x SSC,
undera 18 x 18 mm?2coverslip. Hybridization, washings, and detection
with avidin-fluorescein isothiocyanate (Vector Laboratories) were per-
formed as previously described (Ried etal., 1992b). Signals were visu-
alized on DAPI banded chromosomes using a Zeiss epiflucrescence
microscope and a cooled CCD camera (PM512, Photometrics).

Laboratory Notebook

A relational data base programmed in Sybase SQL., named CPFC, has
been developed to serve as the laboratory notebgok. it contains all the
tables necessary to deseribe the fingerprinting process from colony
picking to image analysis of Southern blots. This includes protocol
descriptions, reagent batch numbers and dates, and experimental pa-
rameters.

image Analysis

Films are scanned with a Truvel scanner driven by a Sun work station.
The resulting digital images (260 dpi, 7.5 Mb/film) are written (via NFS)
on two 1 gigabyte disks driven by two Sun Sparc 2 stations. Images
are analyzed overnight: bands are detected and guantified as two-
dimensional objects, then lanes are drawn and sizes assigned to stan-
dards. The molecular weights of detected fragments are computed
from these standards and the resulis (molecular weight, area, maxi-
mum and integrated optical density for each band) are written into
ASCHi files. This automatic process, including scanning, does not ex-
ceed 4 min per image. Each image is edited to check the results, and
modifications are performed if necessary; 70% of the images do not
require any modification, and 20% need only minor correction. The
treatment of the 10% remaining requires 10 to 20 min per image.
Then, for each series, a program checks the quality of the resuits
(consistency between the different enzymes, contaminations, and
range of molecular weights and intensities). The operator is helped in
his task by making queries to the CPFC data base (see above). images
and analysis files are moved to 600 Mb magneto-optical disks. The
image editor and image analysis programs have been developed by
Millipore-Biolmage. The checking, scheduling, and data manipulation
programs were written internally. With this system, three persons were
abie to analyze more than 65,000 fingerprints (21,696 YACs, finger-
printed with three enzymes and one probe) within 4 months.

Data Analysis

Clone Comparisons

We performed pairwise comparisons, building the triangular matrix of
overlap likelihoods. This likelihood ratio, i.e., the probability of observ-
ing clones with overlapping fingerprints versus nonoverlapping finger-
prints, is computed from repetitive sequence fingerprints using Bayes
theorem (Balding and Torney, 1991). These probabilities are obtained
by summing up all possible ways of matching fragments (only frag-
ments whose lengths are “close enough,” according to an experimen-
tally measured error, can be matched). The underlying model assumes

Material may be protected by copyright law (Title 17, U.S. Code)




Construction of YAC Contigs
1067

Gaussian error on fragment size measurements, with a standard devia-
tion depending on fragment size, and models the distribution of both
restriction sites and repetitive sequences with Poisson processes.
Since the probability of observing clones with overlapping fingerprints
is obtained by integration over ali possible length of overlap, it is possi-
ble to determine the most probable overlap length. Further information
can be found in Lacroix and Codani, 1992,

The amount of data to be treated (C{C -- 1)/2 comparisons, where
C is the number of clones analyzed) leads to important computation
times. For our current data (three independent fingerprints with L1,
having an average of 5 fragments per clone), the computation for
20,000 clones takes 1 month of Sun Sparc Station 2 CPU time. For a
more frequent probe (20 fragments per clone, for exampie), this dura-
tion could be increased to 2 years. Consequently, state of the art
software techniques and hardware architectures have been used to
exploit the intrinsic parallelism of the problem. As a result, computation
for 20,000 clones has been performed in 1 day on a network of 20
heterogenecus Unix workstations. Computation can also be done in-
crementally at the rate of fingerprint production.

Contig Assembly

Once computed, the matrices are used by a simple thresholding algo-
rithm to construct contigs for a given threshold. To determine a thresh-
old that would give only a low number of faise positives while not
increasing the number of false negatives significantly, we used inde-
pendently simulated data and 18,462 known honoverlapping clone
pairs from chromosome 21. Simuiations on 10,000 clones indicated
that a threshold of 55 would avoid false positives; when analyzing
21,696 clones, this threshold shouid give only a few false positives.
From the LOS of the chromosome 21 nonoverlapping clone pairs, we
intended to estimate the theoretical distribution of LOS for nonoverlap-
ping pairs, and, therefore, to choose a threshold giving the tolerated
rate of false positives, when assembling the 21,696 clones. But this
requires a knowledge of the tail of the LOS distribution, i.e., an estimate
with significantly more than 18,462 pairs. Therefore, the empirical
curve was fitted in its asymptotic part by an adequate function (an
Erlang function with parameter 2), and the integration of this function
above any thrashold gave the corresponding rate of false positives.
Pradictive Model

The estimation of relative abundance of L1-rich and L1-poor regions
was performed with a maximum likelihood test. The probability of ob-
serving the fingerprints of 953 clones of known length was maximized
as a function of the relative abundance of the two regions (the frequen-
cies of the repeat probe in both regions and the abundances being
constrained to yield the observed mean frequency).

Each clone was assumed either to have a fixed minimum detectable
overlap or to be unmatchable for lack of information. The density of
minimal detectable overlap and the proportion of unmatchable ciones
was computed from the simulated data, as a function of the clone size.
The chimera likelihood was presumed to be independent of clone size
and only the larger insert of a chimera was admitted for matching.
Derivations of the equations giving the contig characteristics are simi-
lar to Lander and Waterman, 1988.
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